Abstract-A novel routing scheme for the planar delay line is proposed to minimize the signal distortion and delay time penalty incurred by the backward propagating crosstalk among the sections of delay line. In contrast to the commonly employed serpentine delay line in which the crosstalk noise accumulates synchronously to drastically deteriorate the receiving waveform, the new flat spiral delay line design spreads the crosstalk noise uniformly in time and avoids the crosstalk penalty. A simple wave tracing model is employed to describe qualitatively the spreading mechanism of the new design. Furthermore, quantitative analysis, simulation, and TDT/TDR measurement are performed to validate the advantage and utility of this design.
I. INTRODUCTION HE clock period in a synchronous system is governed by
T the summation of four terms. They are: 1) the interconnection delay on the longest path through combinational logic, 2) the set-up time of the synchronizing elements (assuming edge triggering), 3) the propagation delay within the combinational logic gates and the synchronizing elements, and 4) clock skew, the maximum difference in arrival times of the clocking signal at the synchronizing elements [ 11. In high performance computer systems, it is reported that clock skew may account for over 10% of the system cycle time [2] . Minimization of the clock skew is an important issue in not only the chip but also the module levels.
While several approaches have been proposed to minimize the clock skew in the chip level [3]-[6] , delay lines are usually introduced to minimize the clock skew among the critical nets in the module level. The serpentine delay line shown in Fig. 1 is a typical design, which consists of an odd number of transmission line sections closely packed to each other. Intuitively, the time delay should be proportional to the total length of the delay line. However, the crosstalk may cause a drastic deterioration of the time delay [7] . Recently, a qualitative model and quantitative analysis have been proposed to depict this occurrence in details [SI. It is found that the crosstalk noise accumulates synchronously to result in disastrous effects on the receiving waveform.
This paper proposes a novel routing scheme which spreads the crosstalk uniformly in time so as to minimize the crosstalk Manuscript received June 8, 1995; revised November 11, 1995 Figure 2 shows the layout pattern of the new flat spiral delay line design. As compared with tlhe conventional serpentine design, the flat spiral design has a different routing scheme at the both ends of the delay line sections. At the near end, the second section is connected to the last section, the third section is connected to the last but one section, and so on. At the far end, the first section is connected to the last but one section, the second section is connected to the last but two section, and so on. This routing scheme can be generalized to any delay line consisting of an odd number of sections.
II. FLAT SPIRAL DELAY LINE DESIGN
Crosstalk problems are usually encountered in bundles of long wires, backplane wiring, circuit boards, and modules due to electromagnetic coupling between parallel transmission lines. The many parallel sections in the delay line may induce crosstalk among themselves. The most significant one is the crosstalk between two sections in the nearest neighborhood. Consider that the delay line is matched at the both ends. A ramp pulse of small risetime t, is launching at the sending end of the delay line. It is well lcnown that a pulse of unit voltage launching one of two parallel matched transmission line sections will induce a trapezoidal pulse at the same end of the other line [9] . To the first order approximation, the crosstalk-incurred pulse is of magnitude k1/4 where k1 is the average of the capacitive and indluctive coupling coefficients between two adjacent sections. It sustains a period of 2 t d where the delay unit t d is the time that the signal requires to travel through one transmissioni line section [8] .
It is interesting to trace the propagation of the main signal and the crosstalk between adjacent sections along both the serpentine and flat spiral delay lines. In the serpentine delay line shown in Fig. 1 , a pulse due to adjacent crosstalk will be induced at the near end of section 2 at t = 0 when the main signal travels down section 1. This pulse need to travel seven sections before it reaches the receiving end. That is, it will present at the receiver in the time interval spanning from 7td-9td, as marked by the region between the two arrows When the main signal travels down to the right hand side of section 2 at t = t d , it will induce two adjacent crosstalk pulses at the far ends of sections 1 and 3. The two pulses require additional 6 t d and 8 t d , respectively, to reach the receiver. They altogether form an pulse at the receiving waveform during the interval from 7 t d -l l t d , as distinguished by the row marked with "2R' in Fig. 3 . This process continues until the main signal finally arrives the receiving end at t = 9 t d . Before the arrival, it has already induced eight pulses due to the adjacent crosstalk.
Although being induced at different instants, all of them arrive the receiving end at the same time. Consequently, they will accumulate to appear as a large pulse of magnitude 8 x k1/4 = 2kl leading the main signal. If this magnitude exceeds the threshold of the receiver to switch on, the desired time delay of the delay line is reduced by at least 2 t d . The more the number of sections in the delay line, the more significantly the crosstalk distorts the receiving waveform.
In the flat spiral delay line shown in It induces two adjacent crosstalk pulses at the far end. One is at section 9, which directly appears at the receiver from
The other is at section 7, which requires another 2 t d to arrive the receiver and thus spans from 3 t d -5 t d .
Similarly, other crosstalk pulses will be induced as the main signal travels down the delay line to the receiver. However, these pulses arrive the receiver in different time intervals, a salient difference from that in the serpentine delay line. As shown in Fig. 4 , they are uniformly distributed in time before the arrival of the main signal. For delay lines with more sections, the crosstalk-incurred pulse in the receiving waveform remains the same magnitude, while the spanning time interval will be longer proportionally. This is a very advantageous feature for the system design. If only the receiver threshold level is chosen larger than the adjacent coupling coefficient multiplied by the voltage of main signal, there will be no crosstalk penalty in delay time no matter how many sections that the delay line has.
QUANTITATIVE l h W Y S 1 S AND RESULTS
The above simple model assumes a weak coupling among the delay line sections. It assumes that the main signal propagating along the delay line is not influenced by the presence of the crosstalk. Also, it neglects the crosstalk between more distant sections and the multiple coupling noises induced from the already present crosstalk.
To investigate the receiving waveform in more details, a quantitative analysis has been proposed to deal with the serpentine delay line [SI. The theory can be directly generalized for the flat spiral delay line which has a different routing scheme at both the near and far ends. One need only construct suitable connection matrices according to the routing scheme at the both ends. Here, the second row has -1 and +1 at the second and the last columns, respectively, denoting that the second section is connected to the last section. Similar relation holds for other rows.
At the far end, the connection matrix [B] can be given by
Since the first section is connected to the last but one section, there are +1 and -1 at the first and the last but one columns, respectively, in the first row of [B] . Similar consideration for other connections can lead to the: matrix elements in other rows.
It is interesting to compare the magnitudes of the crosstalk noise at the sending and receiving ports for both the serpentine and flat spiral delay lines shown in Figs. 1 and 2 , respectively.
Consider a nine-section flat spiral delay line having the cross section shown in Fig. 6 . Note that the cross section is chosen the same as that in the previous study for the serpentine delay line [8, Fig. 61 , but the both ends are now connected in the flat spiral scheme. The driver and load resistances are chosen to be Rs = RL = 50i2 while the risetimc: of the source Vs(t) is t , = 350 ps. Given the geometries of the lines and the substrate, the capacitance and inductance matrices can be computed and are given in [SI. The average coupling coefficient is found to be kl = 0.241.
By performing the quantitative analysis, the magnitudes of the sending and receiving voltages in the first several time periods are listed in Table I . The results for serpentine design are reprinted from [8, Table I ] for comparisons. For the flat spiral design, the crosstalk noise rcmains almost a constant of 0.12 V before the arrival of the main signal at the ninth delay unit. Note that the value is very close to k1/2, as predicted by the simple wave tracing model. The crosstalk noise is usually smaller than the receiver threshold level and will not result in any penalty in delay time. After the main signal arrives, the receiving waveform exhibits certain deviation from the steady state value. In the serpentine design, there is a big dip at the eleventh time delay unit which may drive the receiver off to cause a logical error. In contrast, the signal fluctuation is much smaller for the flat spiral delay line. This depicts another salient advantage over the serpentine delay line design.
Iv. SIMULATION AND COMPARISON
The quantitaive analysis assumes a zero risetime and neglects the difference among the propagation speeds of the modes in the coupled transmission lines. To fully investigate the performance of the flat spiral delay line, more detailed time domain simulation could be resorted to. Since the multiple coupled transmission lines are not standard elements for most available SPICE softwares, some special techniques should be developed for a successful modeling. Physically, the wave in coupled transmission lines can be decomposed into the superposition of the modes. Each mode propagates independently and can be modeled as a single ideal transmission line by SPICE [lo] . The transformation from the modal voltages and currents back to the line voltages and currents can be fulfilled in terms of the voltage controlled voltage sources (VCVS) and the current controlled current sources (CCCS) [ll] . As a result, the nine coupled transmission lines can be modeled as a SPICE subcircuit which consists of nine single ideal transmission lines, eighteen VCVS's, and 18 CCCS's.
Once the coupled transmission lines are modeled by a subcircuit, the complete circuit can be simulated by including the driver and receiver resistances and defining the nodal connections at both the near and far ends. Fig. 7 shows the simulated waveforms at the sending and receiving ends for the delay line with cross section shown in Fig. 6 and section length e = 5 cm. The curves marked with circles denote the results for the flat spiral delay line. It is found that the receiving waveform leading the main signal agrees well with that predicted in Fig. 5 by the wave tracing model. After the main signal arrives, the waveform shows some ripples before it goes steady. This occurrence is difficult to explain by the wave tracing model. Nonetheless, the steady level in each time delay unit follows exactly that obtained by the quantitative analysis. The small dip near the jump is contributed to different modal propagation speeds of the coupled transmission lines. It is worthy mentioning that the SPICE simulation is quite time consuming, especially when the delay line consists of many sections. In those cases, it becomes necessary to employ the quantitative analysis approach. It is interesting to compare the simulated waveforms for both the serpentine and flat spiral delay lines in Fig. 7 . The two delay lines have the same cross section and the same layout pattern, except different connections at both the near and far ends. Please note how significantly the receiving waveform is affected by such a slight change in the routing at both ends of the delay line sections.
V. EXPERIMENTAL VERIFICATION
A flat spiral delay line of nine sections is fabricated for the experimental verification. The cross sectional view of the delay line is shown in Fig. 8(a) . The substrate has dielectric Given the geometric dimensions of the multiple coupled microstrip lines, it is not difficult to calculate the capacitance and inductance matrices [12] . The present delay line has a very strong coupling between adjacent sections, with average coupling coefficient of kl = 0.424. Based on the wave tracing model, the crosstalk noise leading the main signal will be roughly k1/2 x 0.50 = 0.106 V. It is very close to the measured value in Fig. 8(b) . Even with such strong coupling, the largest crosstalk noise at the receiver is still much smaller than the main signal voltage of 0.50/2 = 0.25 V. It is easy to choose a suitable receiver threshold level to circumvent the crosstalk-incurred delay penalty.
The SPICE simulation can be employed to investigate the performance of the delay line. The line resistance per section is assumed to be T = 0.21 R in the simulation. The simulated results for the sending and receiving waveforms are shown by the dashed and solid curves, respectively, in Fig. 8(b) . As compared with the measured data, the simulated waveforms show greater variations. This discrepancy can be contributed to the neglect of the additional skin effect resistance and the equivalent capacitance and inductance near the corners of the transmission lines. Both the Eactors will slow down the higher frequency components in the signal. As a result, the measured waveforms vary more smoothly than the theoretical or simulated ones.
VI. CONCLUSION
A novel flat spiral design has been proposed to circumvent the accumulation of the backward crosstalk among the sections of the serpentine delay line. By ,a suitable rerouting of the connections at both near and far ends, the new design can spread the crosstalk noise uniformly and consequently, result in a receiving waveform of bettier integrity and minimum delay penalty. This paper proposed a simple wave tracing model to explain the basic idea of this design. It further employed quantitative analysis and SPICE simulation in order to investigate the detailed performamce. The SPICE simulation can provide more detailed transient behavior but is time consuming. As far as the magnitude of the noise levels is concerned, it is advantageous to employ the quantitative analysis, which is much more efficient and is applicable even when the delay line consists of many sections. Finally, test structure is fabricated and the measured results validate the advantage and utility of the present design.
To sum up, the largest crosstallk-incurred noise in the flat spiral delay line equals the adjacent coupling coefficient k l multiplied by the voltage of main signal. If only the receiver threshold level is chosen larger than this amount, the crosstalk among the delay line sections will not cause any delay penalty false switching.
